Introduction {#s1}
============

Skin represents the largest interface of a living organism with the outer world and provides both a physical and immunological barrier against incoming threats, including mechanical injury, chemical insults, invading pathogens, and UV exposure ([@bib38]). These environmental cues elicit stress signaling in keratinocytes that causes their activation and alters interactions with neighboring cells, including those of the immune system ([@bib6]; [@bib31]; [@bib32]). Swift recovery from a stress response is also important for return to skin homeostasis, with sustained stress signaling contributing to pathogenic conditions that are often characterized by excess inflammation and epidermal barrier dysfunction ([@bib6]; [@bib31]; [@bib32]).

During keratinocyte differentiation, a large number of genes are in a poised chromatin state with some pre-established interactions reported between promoters and enhancers ([@bib36]). In addition to transcriptional activators, chromatin modifiers play an important role in providing a poised chromatin landscape. Mi-2β is an ATP-dependent nucleosome remodeler that serves as a core component of the nucleosome remodeling and deacetylase (NuRD) complex ([@bib43]; [@bib47]; [@bib52]). Two types of enzymes in the NuRD complex, the histone deacetylases (HDACs) HDAC1 and HDAC2 and the nucleosome remodeler Mi-2β, work together to modulate transcription. By altering nucleosome position relative to transcription factor (TF) binding sites ([@bib3]; [@bib4]), Mi-2β can either promote or suppress gene expression depending on local context ([@bib45]; [@bib49]; [@bib54]). Mi-2β is expressed in many progenitor cell types, including embryonic stem cells, hematopoietic cells and neuronal, epithelial, and heart muscle precursors where it is required to keep genes supporting alternate cell fates in a poised but repressed state and prevent precocious differentiation ([@bib12]; [@bib21]; [@bib34]; [@bib48]; [@bib49]; [@bib50]; [@bib54]).

During embryonic and fetal development of the epidermis, NuRD complex components regulate cell fate choices by engaging in stage-specific transcriptional networks that control epidermal differentiation ([@bib18]; [@bib25]). HDAC1/2 are required for the differentiation of basal epidermal cells into suprabasal and follicular cell fates by providing repressive function to p63, an early epidermal differentiation factor, and for keratinocyte proliferation by inhibiting p53 activity through deacetylation ([@bib25]; [@bib27]). Mi-2β is required for commitment of the embryonic ectoderm to the epidermal cell lineage as well for self-renewal of the newly generated epidermal precursors; however, it is not required for their stratification ([@bib18]). After epidermal lineage commitment, loss of Mi-2β interferes with follicular differentiation but not with differentiation of interfollicular epidermis ([@bib18]). In the adult skin, Mi-2β represses genes supporting basal keratinocyte activation, mobilization, and immune cell function ([@bib19]). Many of the same genes are also induced by physiological challenge to the skin, such as wounding or barrier disruption ([@bib20]; [@bib23]; [@bib39]), suggesting that suppression of Mi-2β activity may be a mechanism by which environmental challenges mobilize the skin's stress responses.

Activator protein 1 (AP1) is a family of early response transcriptional complexes comprised of homo- and hetero-dimers between c-JUN and c-FOS family members. AP1 complexes bind to a palindromic 12-*O*-tetradecanoylphorbol-13-acetate response element and regulate gene expression in response to mitogenic, stress, differentiation, and apoptotic signals ([@bib13]; [@bib28]; [@bib35]; [@bib40]; [@bib46]). In the basal layer of the skin, the polycomb repressor group complex prevents AP1 from binding and activating terminal differentiation genes expressed in the suprabasal layers. Both the differential expression of AP1 constituents and the suppression of polycomb repressor group complex expression allow for activation of AP1-dependent differentiation and acquisition of epidermal barrier function ([@bib9]).

Here, we show that either barrier disruption or genetic ablation of Mi-2β in the mouse epidermis elicits a transcriptional response that involves similar genes and functional pathways. We show that these distinct physiological and genetic challenges cause a similar increase in chromatin accessibility at enhancers associated with stress response genes that frequently encompass binding sites for AP1. We demonstrate that Mi-2β repressed transcription and activation of AP1 complex components, such as c-JUN, and restricted chromatin access at AP1 binding sites. Increasing activation and occupancy of c-JUN with concomitant loss of Mi-2β at these enhancer sites, which were occupied by JUNB at steady state, correlated with induction of gene expression. A moderate reduction in Mi-2β expression was induced by physiological signals such as barrier disruption that was accompanied by a further albeit selective abrogation of Mi-2β at stress response genes. Permanent loss of Mi-2β caused aberrant induction of AP1, interfered with return to skin homeostasis, and caused severe pathologies. Taken together, our studies support a model by which functional interactions between the chromatin remodeler Mi-2β and the early response complex AP1 account for rapid response and recovery from mechanical injury.

Results {#s2}
=======

Rapid but transient transcriptional responses induced by stress signaling in the epidermis {#s3}
------------------------------------------------------------------------------------------

To examine the molecular mechanisms that control the skin's response to physical insult, we evaluated the effects of acute stress signaling using a skin barrier disruption assay. Transepidermal water loss (TEWL) was measured before and at different time points after removal of the stratum corneum by repetitive tape stripping (TS; [Fig. 1, A and B](#fig1){ref-type="fig"}). Immediately after TS, TEWL was significantly increased, but starting at 1 h after treatment, it began to progressively decrease to reach preinjury levels by 48 h ([Fig. 1 B](#fig1){ref-type="fig"}). To evaluate gene expression changes during this acute response, basal keratinocytes (ITGA6^+^, CD45^−^, CD34^−^) were sorted before and at different time points after TS and processed for RNA sequencing (RNA-seq; [Fig. 1 A](#fig1){ref-type="fig"} and [Fig. S1 A](#figS1){ref-type="fig"}; before and at 6, 24, and 96 h after TS). A rapid induction of mRNA changes and subsequent recovery was seen within 96 h after treatment, consistent with the phenotypic changes in TEWL ([Fig. 1, C and B](#fig1){ref-type="fig"}; and [Fig. S1 B](#figS1){ref-type="fig"}). Notably, most of the transcriptional changes were observed by 6 h after TS, with 1,444 up-regulated and 1,415 down-regulated genes detected ([Fig. 1 C](#fig1){ref-type="fig"} and [Fig. S1 B](#figS1){ref-type="fig"}). Of the genes induced at 6 h, 70% were no longer elevated at 24 h, and 99% were expressed at preinjury levels by 96 h ([Fig. 1 C](#fig1){ref-type="fig"} and [Fig. S1 B](#figS1){ref-type="fig"}). A similar rapid response and recovery was seen with down-regulated genes ([Fig. 1 C](#fig1){ref-type="fig"} and [Fig. S1 B](#figS1){ref-type="fig"}). Gene set enrichment analysis (GSEA) showed induction of different functional pathways early versus later in the response ([Fig. 1 D](#fig1){ref-type="fig"}). Genes activated by Myc, the unfolded protein response, and TNF signaling peaked at 6 h, whereas genes involved in MTORC1 signaling, oxidative phosphorylation, and the regulation of the G2M checkpoint peaked at 24 h of the response ([Fig. 1 D](#fig1){ref-type="fig"}). Further gene ontology (GO) analysis of all deregulated genes at 6 and 24 h after barrier disruption confirmed participation in cell proliferation, keratinocyte differentiation, and immune cell activation ([Fig. S1 C](#figS1){ref-type="fig"}).

![**Rapid induction and repression of genes mediated by barrier disruption.** **(A)** Experimental approach for barrier disruption studies. Mice with shaved back skin were tape-stripped until TEWL measurements reached 40 g/m^2^ ⋅ h. Skin was harvested before and at the indicated time points after TS. **(B)** Time course of TEWL before and up to 72 h after TS. TEWL in each group is shown as a bar graph with mean and SEM. **(C)** Overlap of differentially expressed genes at three time points after TS (6, 24, and 96 h) is shown by Venn diagrams (\|log~2~ fold change\| ≥1, FDR \<0.05). Up-regulated genes (UP) are shown on the left and down-regulated genes (DOWN) on the right. **(D)** GSEA comparing up-regulated genes at 6 or 24 h after TS with hallmark gene sets (H) in molecular signature database. Genes induced by Myc, or in response to unfolded proteins or TNFα signaling, were significantly enriched by the 6-h up-regulated subset, whereas genes that support mTORC1 signaling, G2M transition, and oxidative phosphorylation were enriched by the 24-h up-regulated subset. Enrichment profiles are plotted and calculated ES, P values (P val), and FDR are shown. **(E)** Heatmap representation of K-means clustering of differentially expressed genes before and after TS (\|log~2~ fold change\| ≥1, FDR \<0.05). Expression of genes associated with functional categories in each cluster is shown in box-whisker plots of log~2~ normalized read counts from RNA-seq data. Whiskers extend from the smallest to the largest expression value within each cluster. Expression at 6, 24, and 96 h was compared with 0 h, and P values for expression difference were determined by one-way ANOVA analysis followed by Dunnett's test. \*, P \< 0.05; \*\*\*, P \< 0.005. **(F)** Expression of representative stress-responding genes as determined by RNA-seq at different time points after TS is shown for each cluster as bar graphs for normalized read counts with mean and SEM. P values for expression differences compared with 0 h were determined by DEseq2 analysis. \*, P \< 0.01; \*\*, P \< 0.001; \*\*\*, P \< 0.0001. For TEWL studies (B), four independent experiments were performed with four to six mice per group. Two areas of back skin per mouse were processed for analysis (*n* = 8--12 per group). For transcriptional studies (C--F), RNA-seq datasets were generated from two independent experiments with pooled samples from 0 h (*n* = 4), 6 h (*n* = 4), and 24 h (*n* = 4) and from one experiment with pooled samples for 96 h (*n* = 2).](JEM_20182402_Fig1){#fig1}

![**Sorting basalkeratinocytesafter skin barrier disruption and profiling changes in gene expression. (A)** Sorting strategy for keratinocytes obtained from epidermis before (0 h) and after TS (6 or 24 h) or after Mi-2β depletion (Mi2Δ). After doublet exclusion (forward scatter--area versus forward scatter--height), cells were gated for size and sorted for ITGA6^mid-to-high^ CD45^−^ CD34^−^ expression. **(B)** Number of differentially expressed genes at 6--96 h after barrier disruption. **(C)** Pathway analysis of all significantly up-regulated genes (log~2~ fold change \>1, FDR \<0.05) detected at 6, 24, and 96 h after TS is shown. Select GO pathways and associated P values (−log~10~) with fold enrichment are provided. **(D)** Representative genes in the clusters (C1, C2, C3, and C4) of the heatmap shown in Fig. 1 E, with their functional categories, are listed. **(E)** Pathway analysis of all significantly down-regulated genes (log~2~ fold change \>1, FDR \<0.05) at 6, 24, and 96 h after TS is shown. Select GO pathways and associated P values (−log~10~) with fold enrichment are provided. Sorting data shown in A are representative of \>10 experiments performed with 2 pooled mouse skin samples for each experimental point (i.e., 0, 6, and 24 h) and Mi2Δ. RNA-seq studies (B--E) were performed with biological replicates described in Fig. 1.](JEM_20182402_FigS1){#figS1}

Further analysis of differentially expressed genes by K-means clustering revealed induction and suppression of distinct genes and pathways at different time points after barrier disruption ([Fig. 1 E](#fig1){ref-type="fig"} and [Fig. S1 D](#figS1){ref-type="fig"}). Of the four groups of temporally dysregulated genes identified, genes whose induction peaked as early as 6 h fell within the first two clusters (C1 and C2) and encoded factors required for lipid biosynthesis and keratinocyte terminal differentiation, such as *Abca12*, *Alox12b*, *Aqp3*, *Cldn4*, and *Tgm1*; inflammatory mediators, such as *Cxcl1*, *Il24*, *S100a8*, and *S100a9*; and cell proliferation--promoting signals, such as members of the EGF family, *Ereg, Areg, Tgfa, Hbegf,*and *Vegfa* ([Fig. 1, E and F](#fig1){ref-type="fig"}, 6 h C1 and C2; [Fig. S1 D](#figS1){ref-type="fig"}; and Table S1). Genes induced at a later time point fell into the third cluster (C3) and contained many cell cycle genes, such as *Mki67*, *Ccna2*, *Ccnb1*,*Cdk1*, and *Cdkn3* ([Fig. 1 E](#fig1){ref-type="fig"}, 6 h; [Fig. S1 D](#figS1){ref-type="fig"}; and Table S1). Notably, genes in this cluster (C3) showed an initial decrease in expression at 6 h, but by 24 h were increased to a higher level relative to steady state, which declined by 96 h. Finally, genes down-regulated early in the response were contained within the fourth cluster (C4) and were associated with circadian rhythm regulation, such as *Per3* and *Cry2*, and lipid metabolism, such as *Acaa2*, *Echs1*, and *Acss2* ([Fig. 1, E and F](#fig1){ref-type="fig"}; [Fig. S1 D](#figS1){ref-type="fig"}; and Table S1). These genes were rapidly down-regulated early in the repair process but became reexpressed during the recovery phase. The decrease in the circadian transcriptional regulators *Per3* and *Cry2* may reflect the physiological response to barrier disruption. Whereas reduction of these genes, seen early in the response, correlates with an increase in keratinocyte proliferation, the increase toward normality, seen later in the response, correlates with epidermal stem cell differentiation. This is in line with previous studies that have shown that changes in core clock genes, such as *Per3* and *Cry2*, predispose epidermal stem cells to environmental cues that regulate proliferation or differentiation ([@bib17]). The down-regulation of lipid metabolism/catabolism genes follows a requirement of keratinocytes to synthesize and secrete lipids into the intercellular space of the cornified layer for reestablishment of the barrier. These genes are also rhythmically regulated, and their expression may reflect changes in *Per3* and *Cry2* expression ([@bib11]).

Thus, barrier disruption triggers the rapid induction of genes involved in barrier reestablishment, cell proliferation, immune cell activation, and repression of genes involved in lipid metabolism and circadian rhythm regulation. Such rapid transcriptional responses appear to be critical for repairing the compromised structural barrier and fortifying the local immune cell defenses. The observed prompt recovery from these transcriptional changes is likely critical for preventing excessive barrier formation and inflammation that can lead to skin pathologies.

Similar transcriptional response elicited by stress signaling or Mi-2β depletion {#s4}
--------------------------------------------------------------------------------

Aberrant keratinocyte activation and cell proliferation demarcated by expression of keratin 6 (K6) and Ki67, respectively, were evident shortly after conditional inactivation of the chromatin remodeler Mi-2β in the epidermis ([Fig. S2 A](#figS2){ref-type="fig"}; [@bib19]). Moreover, a highly significant overlap and similar trend in gene expression changes were seen either by barrier disruption or by acute loss of Mi-2β in the epidermis ([Fig. 2, A--C](#fig2){ref-type="fig"}; P \< 0.0001 by Fisher's exact test; and Table S2). Among the significantly up-regulated genes at 6 h after barrier disruption, 36% were also significantly up-regulated by loss of Mi-2β ([Fig. 2, A and B](#fig2){ref-type="fig"}; 524/1,444). By 24 h the number of up-regulated genes declined; however, the relative number shared by Mi-2β loss was further increased ([Fig. 2, A and B](#fig2){ref-type="fig"}; i.e., 65%: 439/673). Further examination of the shared significantly up-regulated genes at 6 h and in Mi2Δ keratinocytes showed that the majority was still significantly induced at 24 h compared with nonshared genes that were not ([Fig. S2 B](#figS2){ref-type="fig"}). These shared genes enriched functional categories such as keratinocyte activation, barrier reestablishment, immune cell activation, and cell growth ([Fig. S2 C](#figS2){ref-type="fig"} and [Fig. S1 C](#figS1){ref-type="fig"}). Similarly, among the significantly down-regulated genes after 6 h of barrier disruption, 38% (532/1,415) were also significantly down-regulated by loss of Mi-2β, and by 24 h their relative number was further increased (i.e., 54%: 170/315; [Fig. 2, A--C](#fig2){ref-type="fig"}).

![**Common transcription changes induced by stress signaling and Mi-2βdepletion.** **(A)** MA (log~2~ ratio of expression change versus mean average expression) plot of differentially expressed genes (\|log~2~ fold change\| ≥1, FDR \<0.05) at 6 or 24 h after TS. Mean normalized read counts (log~2~ transformed) are plotted against log~2~ fold change. Shared up- or down-regulated genes with Mi2Δ keratinocytes are highlighted in red and blue, respectively. **(B)** The number of commonly up- (red) or down-regulated (blue) genes after TS (6 or 24 h) and in Mi2Δ keratinocytes is shown. A highly significant concordance of differentially expressed genes under the two conditions was calculated by Fisher's exact test (P \< 0.0001). The percentage of grand total is shown in parentheses. **(C)** The overlap in differentially expressed genes after TS (\|log~2~ fold change\| ≥1, FDR \<0.05) or in Mi2Δ keratinocytes is shown by Venn diagrams. Up-regulated genes (UP) are shown at the top and down-regulated genes (DOWN) at the bottom. **(D)** GSEA comparing significantly up- or down-regulated genes at 6 h (top) or 24 h (bottom) after TS with the transcriptional profile of Mi2Δ keratinocytes. Enrichment profile is plotted, and calculated ES and FDR are shown. Analysis was performed with RNA-seq datasets generated from the biological replicates described in [Fig. 1](#fig1){ref-type="fig"} and in [@bib19].](JEM_20182402_Fig2){#fig2}

![**Comparative analysis of**histological and transcriptional responses induced by barrier disruption and Mi-2β depletion.** (A)** Expression of K6 (green) and Ki67 (green) proteins by immunofluorescence at 0 h and in tape-stripped (6 and 24 h) and Mi2Δ epidermis. Nuclei were visualized by counterstaining with DAPI (blue). Scale bar = 10 µm. **(B)** The percentage of genes that were significantly up-regulated at 6 h and that still displayed a significant increase at 24 h after TS (dark blue) is shown as bar graphs on the left. The number and percentage of genes in the two categories of shared or nonshared genes distinguished by their significant up-regulation or not in Mi2Δ keratinocytes are also shown. **(C)** Select genes from 287 shared gene targets between Mi2Δ keratinocytes and tape-stripped keratinocytes at 6 or 24 h are shown together with their functional ontology. **(D)** GSEA comparing significantly up- or down-regulated genes in Mi2Δ keratinocytes with the transcriptional profiles of tape-stripped keratinocytes (6 h: top; 24 h: bottom). The enrichment profile is plotted, and calculated ES and FDR are provided. Histological images shown in A are representative of two independent experiments with a total of three mice per group. RNA-seq studies in B--D were performed with biological replicates described in Fig. 1.](JEM_20182402_FigS2){#figS2}

GSEA comparing significantly up- and down-regulated genes in TS keratinocytes with the transcriptome of Mi-2β--depleted keratinocytes confirmed a similar trend in regulation ([Fig. 2 D](#fig2){ref-type="fig"}, false discovery rate \[FDR\] = 0). Genes up- and down-regulated at both 6 and 24 h strongly correlated with genes up- and down-regulated in Mi-2β--depleted keratinocytes ([Fig. 2 D](#fig2){ref-type="fig"}, enrichment score \[ES\]: 0.752--0.810). The reverse comparison of significantly induced genes upon loss of Mi-2β with the transcriptome of TS keratinocytes showed a weaker correlation ([Fig. S2 D, ES](#figS2){ref-type="fig"}: 0.605--0.710), which is consistent with participation of Mi-2β in the repression of genes that are involved in other biological processes in keratinocytes.

Barrier disruption induces rapid changes in chromatin accessibility {#s5}
-------------------------------------------------------------------

We next examined whether the response to stress signaling was associated with changes in chromatin accessibility. Chromatin accessibility was evaluated genome-wide in sorted keratinocytes before and after barrier disruption or after Mi-2β depletion using the Tn5 transposase assay (assay for transposase-accessible chromatin \[ATAC\] sequencing \[ATAC-seq\]; [Fig. 3 A](#fig3){ref-type="fig"}). ATAC peaks in TS or Mi-2β--depleted keratinocytes were compared with WT steady-state keratinocytes; if induced, they were classified as differentially induced ATAC (dATAC*i*), and if lost as differentially lost ATAC (dATAC*l*). Similar to the gene expression changes, a rapid gain in dATAC*i* peaks was observed at 6 h after TS that declined by 24 h ([Fig. 1](#fig1){ref-type="fig"} and [Fig. 3 B](#fig3){ref-type="fig"}; dATAC*i* peaks: 9,178 at 6 h and 6,262 at 24 h). In sharp contrast to the dATAC*i* peaks, an insignificant number of dATAC*l* peaks was seen at 6--24 h ([Fig. 3 B](#fig3){ref-type="fig"}; dATAC*l* peaks: 61 at 6 h and 32 at 24 h; and Tables S3 and S4). The gain in dATAC*i* and loss in dATAC*l* peaks in Mi-2β--depleted keratinocytes by far exceeded what was seen by barrier disruption ([Fig. 3 B](#fig3){ref-type="fig"}; dATAC*i* peaks \[27,068\] and dATAC*l* peaks \[1,943\]; and Table S5). Nonetheless, a larger number of dATAC*i* compared with dATAC*l* peaks was also seen in Mi-2β--depleted keratinocytes (i.e., \>10 fold) as in keratinocytes after barrier disruption.

![**Barrier disruption-induced chromatin changes and associated TFs.** **(A)** Experimental approach for ATAC studies after barrier disruption or Mi-2β depletion in keratinocytes. Back skin was harvested before and at the indicated time points after TS or Mi-2β depletion, and sorted keratinocytes were processed for ATAC-seq. **(B)** dATAC*i* or dATAC*l* peaks in TS or Mi2Δ keratinocytes compared with WT keratinocytes are shown by histograms (6 h: red; 24 h: pink; and Mi2Δ: green). **(C)** Genomic annotation of dATAC*i* peaks at 6 or 24 h after TS or in Mi2Δ keratinocytes revealed a similar genome-wide distribution. **(D)** Distribution of dATAC*i* changes (log~2~ of dATAC*i* peak score \[PS\]) at annotated genomic locations in TS (6 or 24 h) or Mi2Δ keratinocytes. dATAC*i* peaks were subdivided into four subsets with low to high peak scores (0--1, 1--2, 2--3, 3+), represented by color shading within the respective histograms. FC, fold change. **(E)** De novo motif (Homer) discovery reveals potential TF association with dATAC*i* peaks in TS (6 or 24 h) or Mi2Δ keratinocytes. P value for motif discovery and % of peaks (targets) with motif are shown. **(F)** Read density (reads per bp per peak) at dATAC*i* peaks with AP1 motif detected in TS (6 or 24 h) or Mi2Δ keratinocytes relative to WT. ATAC-seq datasets were generated from two independent experiments with pooled samples at 0 h (*n* = 4), 6 h (*n* = 4), and 24 h (*n* = 4) and from Mi2Δ mice (*n* = 4) in A--F.](JEM_20182402_Fig3){#fig3}

The majority (∼80%) of dATAC*i* peaks observed after Mi-2β depletion or barrier disruption were distributed over intergenic and intronic regions, with only ∼10--15% associated with promoters ([Fig. 3 C](#fig3){ref-type="fig"}). Moreover, the magnitude of increase in dATAC*i* enrichment was greater at intergenic and intronic regions compared to promoters or exonic regions ([Fig. 3 D](#fig3){ref-type="fig"}). These data indicate that barrier disruption or Mi-2β depletion causes a significant reprogramming of regulatory elements that are distal to promoters and may include transcriptional enhancers. It also shows that the detected increase in chromatin accessibility is not just a consequence of a transcriptional increase that should affect promoters as well. Nonetheless, the number and magnitude of change at dATAC*i* peaks was greater in Mi-2β--depleted keratinocytes compared with keratinocytes after barrier disruption ([Fig. 3, B and D](#fig3){ref-type="fig"}).

The potential contribution of TFs to the barrier disruption response was tested by de novo motif analysis of all dATAC*i* peaks obtained at 6 or 24 h after TS ([Fig. 3 E](#fig3){ref-type="fig"}). AP1 complex motifs were most significantly associated with induced regulatory sites ([Fig. 3, E and F](#fig3){ref-type="fig"}). Other factors associated with dATAC*i* at 6 or 24 h were CEBP and KLF5, albeit at a lower frequency and P value compared with AP1 ([Fig. 3 E](#fig3){ref-type="fig"}). Enrichment of dATAC*i* peaks with STAT3, a key regulator of keratinocyte proliferation and migration, was seen at 24 h, consistent with the later increase in epidermal proliferation ([Fig. S2 A](#figS2){ref-type="fig"} and [Fig. 1 D](#fig1){ref-type="fig"}; [@bib37]). The dATAC*i* peaks in Mi-2β--depleted keratinocytes were also significantly enriched for AP1 motifs ([Fig. 3, E and F](#fig3){ref-type="fig"}). In addition to AP1, a highly significant enrichment of NFY, OCT, and KLF5 motifs was seen at dATAC*i* peaks from Mi-2β--depleted keratinocytes ([Fig. 3 E](#fig3){ref-type="fig"}). The association of OCT and KLF5, TFs essential for maintaining keratinocyte cell identity ([@bib10]; [@bib33]), with Mi-2β--regulated chromatin sites suggest that Mi-2β participates in a wider transcriptional network involved in both stress responses and keratinocyte differentiation.

Taken together, our studies show that barrier disruption causes a rapid and highly significant gain in chromatin accessibility that correlates with the rapid induction of stress response genes. The very small number of sites with reduced chromatin accessibility detected does not correlate with the large number of down-regulated genes, indicating that the loss in expression was not due to a change in chromatin structure. Finally, the similar genome-wide distribution of sites with gained chromatin accessibility and AP1 enrichment detected by either Mi-2β loss or barrier disruption strongly supports a role for this chromatin remodeler in the skin's response to damage.

Stress signaling--induced chromatin changes are regulated by Mi-2β {#s6}
------------------------------------------------------------------

We further evaluated the mechanism that controls induction of chromatin accessibility after barrier disruption or Mi-2β loss. We examined the temporal nature of chromatin changes induced at 6 or 24 h after TS and after Mi-2β loss. K-means clustering was performed with ATAC-seq datasets centered on dATAC*i* peaks obtained at 6 or 24 h after TS ([Fig. 4, A--D](#fig4){ref-type="fig"}). In all five clusters, the increase in chromatin accessibility seen at 6 h after TS was reduced by 24 h ([Fig. 4, A and B](#fig4){ref-type="fig"}). These chromatin changes strongly correlated with the rapid induction of gene expression observed in response to barrier disruption ([Fig. 1](#fig1){ref-type="fig"}). On the other hand, three of the dATAC*i* peak clusters ([Fig. 4 C](#fig4){ref-type="fig"}; C1, C2, and C4) seen at 24 h displayed a similar increase in chromatin accessibility at 6 h, indicating rapid induction but also maintenance of accessibility. This is consistent with the maintenance of induced expression for a subset of stress response genes ([Fig. 2 C](#fig2){ref-type="fig"}). Two of the dATAC*i* clusters that were specifically induced at 24 h ([Fig. 4, C and D](#fig4){ref-type="fig"}; C3 and C5), were associated with cell cycle genes such as *Ccnh*, *Ccnl1*, and *Cdk14* expressed later in the response, as shown in [Fig. 1, E and F](#fig1){ref-type="fig"}.

![**Common changes in chromatin induced by stress signaling and Mi-2βdepletion.** **(A)** Heatmap of K-means clustering of ATAC-seq datasets from 0 h (before TS), 6 h, or 24 h after TS and from Mi2Δ keratinocytes centered on dATAC*i* peaks identified after 6 h of TS. C1, 2,311 peaks; C2, 1,545 peaks; C3, 2,365 peaks; C4, 1,389 peaks; C5, 1,568 peaks. **(B)** Histograms of read densities (read count per million mapped reads) plotted at ±5 kb from the dATAC*i* peaks identified at 6 h after TS for the five clusters (C1--C5) shown in the heatmap in A and color-coded for the four ATAC-seq datasets (0 h, 6 h, 24 h, and Mi2Δ keratinocytes). **(C)** Heatmap of K-means clustering of ATAC-seq datasets from 0, 6, or 24 h after TS and Mi2Δ keratinocytes centered on dATAC*i* peaks identified at 24 h in TS keratinocytes. C1, 2,190 peaks; C2, 1,490 peaks; C3, 639 peaks; C4, 974 peaks; C5, 974 peaks. **(D)** Histograms of read densities (read count per million mapped reads) plotted at ±5 kb from the dATAC*i* peaks identified at 24 h after TS for the five clusters (C1--C5) shown in the heatmap in C and color-coded for four ATAC-seq datasets (0 h, 6 h, 24 h, and Mi2Δ keratinocytes). **(E)** Percentage of dATAC*i* peaks with AP1 motifs and promoter association is shown for each of the five clusters (C1--C5) identified at 6 h after TS together with P values for motif discovery. **(F)** Venn diagram depicting the overlap of genes associated with dATAC*i* peaks identified after TS (6 or 24 h) or after Mi2Δ depletion in keratinocytes. **(G)** Expression of genes associated with dATAC*i* peaks is shown as a box-whisker plot of log~2~ normalized read counts from RNA-seq data from 6 or 24 h after TS. The whiskers extend from the smallest to the largest expression value within each group. Significance in difference in expression was obtained by a two-tailed unpaired *t* test; \*, P \< 0.005; \*\*, P \< 0.0005. **(H)** Bar graph depicting the frequency and number of all significantly up-regulated genes (\|log~2~ fold change\| ≥1, FDR \<0.05) after 6 h of TS that were also associated with dATAC*i* peaks at the same time point and/or with dATAC*i* peaks in Mi2Δ keratinocytes. Genes with dATAC*i* peak association under one (Mi2Δ: green; 6 h: red), both (yellow), or neither (gray) condition are color coded. A similar presentation is provided for genes that were commonly up-regulated at 6 h after TS and in Mi2Δ keratinocytes. Commonly up-regulated genes had a higher significant association with dATAC*i* peaks compared with all up-regulated genes (\*, P \< 0.0001 determined by Fisher's exact test). **(I)** Genome browser tracks on *Il24,* showing increased chromatin accessibility (ATAC-seq) after TS (6 or 24 h) or in Mi2Δ keratinocytes. Mi-2β ChIP-seq in mouse primary cultured keratinocytes is also shown. Mi-2β peaks associated with dATAC*i* peaks are depicted as blue rectangles. Analysis was performed with ATAC-seq and RNA-seq datasets described in [Figs. 3](#fig3){ref-type="fig"} and [1](#fig1){ref-type="fig"}. ChIP-seq for Mi-2β was performed from primary mouse keratinocytes generated from newborn mice after brief expansion in culture.](JEM_20182402_Fig4){#fig4}

Notably, in four of the dATAC*i* clusters detected at 6 h after barrier disruption (C1, C3, C4, and C5) that displayed little chromatin accessibility at steady state, ≥50% of the peaks were associated with AP1 motifs ([Fig. 4 E](#fig4){ref-type="fig"}). In contrast, peaks of the C2 cluster that were already accessible at steady state showed a much lower association with AP1. Furthermore, whereas ∼1/3 of the C2 peaks were associated with promoters, very little promoter association (on average \<5%) was observed for the other four clusters that were strongly associated with AP1 motifs ([Fig. 4 E](#fig4){ref-type="fig"}). Three of the five dATAC*i* clusters detected at 6 or 24 h showed overlap with dATAC*i* peaks in Mi-2β--depleted keratinocytes ([Fig. 4, A--D](#fig4){ref-type="fig"}). Moreover, ∼65--80% of the genes associated with dATAC*i* peaks upon barrier disruption also displayed either overlapping or associated dATAC*i* peaks upon Mi-2β loss ([Fig. 4 F](#fig4){ref-type="fig"} and [Fig. S3 A](#figS3){ref-type="fig"}). Thus barrier disruption or Mi-2β loss caused similar changes in chromatin accessibility at regulatory sites located in the vicinity of stress response genes.

![**Comparative analysis of changes in chromatin accessibility and associated transcriptional output induced by barrier disruption and/or Mi-2β depletion.(A)** The frequency of peak overlap between dATAC*i* peaks detected in tape-stripped (6 or 24 h) keratinocytes and Mi2Δ keratinocytes is shown on the left. The overlap of genes associated with these dATAC*i* peaks is shown on the right. **(B)** The frequency and number of significantly up-regulated genes (\|log~2~ fold change\| ≥1, FDR \<0.05) after 24 h of TS that were associated with dATAC*i* peaks at the same time point or/and with dATAC*i* peaks in Mi2Δ keratinocytes are shown on the left (All). Genes with dATAC*i* peak association under one (Mi2Δ: green; 24 h: pink), both (orange), or no (gray) conditions are color coded. A similar presentation is shown on the right for genes that were commonly up-regulated at 24 h after TS and in Mi2Δ keratinocytes (Common). **(C)** Genome browser tracks of normalized ATAC-seq reads across the *Cldn4*, *Krt17*, and *Ngf* locus, showing increased chromatin accessibility (ATAC-seq) after TS (6 or 24 h) or in Mi2Δ keratinocytes. Mi-2β ChIP-seq in mouse primary cultured keratinocytes is also shown. Shared dATAC*i* peaks are outlined with a blue rectangle. **(D)** Expression of *Il24*, *Cldn4*, *Krt17*, and *Ngf* (normalized read counts from RNA-seq) is shown for WT, tape-stripped (6 or 24 h), and Mi2Δ keratinocytes as bar graphs with mean and SEM. ATAC-seq and RNA-seq studies were performed as described in Figs. 1 and 3.](JEM_20182402_FigS3){#figS3}

Genes associated with an increase in chromatin accessibility displayed a significant and progressive increase in expression from 6 to 24 h ([Fig. 4 G](#fig4){ref-type="fig"}). Genes that were up-regulated at 6 h after barrier disruption were also tested for their association with dATAC*i* peaks ([Fig. 4 H](#fig4){ref-type="fig"} and Table S4). 33% of the induced genes at 6 h after TS were associated with dATAC*i* peaks at this time point. An additional 28% of these genes were also associated with dATAC*i* peaks induced by genetic ablation of Mi-2β ([Fig. 4 H](#fig4){ref-type="fig"}). A majority (84%) of the genes induced at 6 h that were associated with dATAC*i* peaks after TS were also associated with dATAC*i* peaks after Mi-2β deletion. Furthermore, genes that were commonly induced by barrier disruption or Mi-2β depletion showed an even greater association (i.e., 89%) with dATAC*i* peaks caused by Mi-2β deletion ([Fig. 4 H](#fig4){ref-type="fig"}). A very strong enrichment with dATAC*i* peaks caused by Mi-2β loss or TS (i.e., 91--95%) was also observed for up-regulated genes at 24 h after barrier disruption ([Fig. S3 B](#figS3){ref-type="fig"}, 24 h).

*Il24*, an activator of MAPK and STAT3 signaling in keratinocytes, *Cldn4*, *Krt17*, and *Ngf,* are examples of stress response genes whose expression is normally repressed by Mi-2β in the steady state ([Fig. 4 I](#fig4){ref-type="fig"} and [Fig. S3 C](#figS3){ref-type="fig"}). In these cases, a rapid increase in chromatin accessibility at upstream or intragenic sites was detected upon barrier disruption or Mi-2β loss that correlated with rapid induction in gene expression. In some cases, the promoters were already in an accessible state that was not greatly increased by either barrier disruption or Mi-2β loss.

Thus, changes in chromatin accessibility occur rapidly after stress response signaling is induced in keratinocytes. Some of these chromatin changes are dissipated rapidly while others are maintained. A highly significant number of these stress response--induced regulatory sites also respond to Mi-2β depletion in keratinocytes and are associated with genes induced during both processes, implicating this chromatin remodeler as a negative effector in their regulation.

Mi-2β--dependent mechanism of regulation is conserved between mouse and human {#s7}
-----------------------------------------------------------------------------

Mi-2β, an ATP-dependent chromatin remodeler, represses expression of genes normally induced by stress response signaling in keratinocytes, in part by restricting access at promoter-distal regulatory sites associated with putative AP1 binding sites. A potential direct role for Mi-2β in this molecular process was tested by establishing its chromatin distribution in both mouse and human cultured primary keratinocytes and in an immortalized human keratinocyte cell line (HaCaT) by chromatin immunoprecipitation (ChIP) sequencing (ChIP-seq).

A highly significant overlap was seen for genes associated with Mi-2β chromatin enrichment sites (P \< 2.77 × 10^−68^) in mouse and human keratinocytes ([Fig. 5 A](#fig5){ref-type="fig"} and Tables S6 and S7). Shared genes contributed to biological pathways involved in immune cell activation, epithelial cell proliferation and differentiation, cell adhesion, and EGFR and MAPK signaling ([Fig. 5 B](#fig5){ref-type="fig"}). Genomic annotation of Mi-2β chromatin enrichment sites revealed that \>70% were distributed at non-promoter sites in both mouse and human keratinocytes ([Fig. 5 C](#fig5){ref-type="fig"}). De novo motif analysis of Mi-2β enrichment sites in chromatin from mouse or human keratinocytes again implicated AP1 as a major Mi-2β functional partner ([Fig. S4 A](#figS4){ref-type="fig"}). Furthermore, a majority of genes induced at 6--24 h (i.e., 64--65%) after barrier disruption in the mouse epidermis were directly bound by Mi-2β ([Fig. 5 D](#fig5){ref-type="fig"}). An even greater association with Mi-2β (82%) was seen for genes commonly induced by barrier disruption (6--24 h) and Mi-2β loss in mouse epidermis ([Fig. 5 D](#fig5){ref-type="fig"}). Additionally, 73% of these commonly repressed genes in mouse keratinocytes were also bound by Mi-2β in human keratinocytes ([Fig. 5 D](#fig5){ref-type="fig"}).

![**Conserved mechanism of Mi-2βregulation in keratinocytes.** **(A)** Overlap of genes associated with Mi-2β enrichment peaks in mouse and human keratinocytes is shown. A highly significant P value \< 2.77 × 10^−68^ for the overlap between the two gene sets was calculated by Fisher's exact test. **(B)** Pathway analyses of genes associated with Mi-2β enrichment peaks in both mouse and human keratinocytes. Select GO pathways and associated P values (−log~10~) with fold enrichment are shown. **(C)** Genome distribution of Mi-2β peaks in mouse and human keratinocytes reveals a similar association with annotated genomic elements. **(D)** Bar graph depicting the frequency and number of significantly (\|log~2~ fold change\| ≥1, FDR \<0.05) up-regulated genes after TS (6 or 24 h) that are also associated with Mi-2β enrichment peaks in mouse (left) and human (right) keratinocytes. The frequency of association with Mi-2β peaks was significantly higher for the subset of genes commonly up-regulated at both 6 and 24 h after TS and in Mi2Δ keratinocytes (shared) as determined by Fisher's exact test (\*, P \< 0.0001). **(E)** Experimental design for knockdown of Mi-2β in primary NHKs by lentiviral shRNA transduction and further studies on transcriptome (RNA-seq), chromatin, and TF landscapes (ChIP-seq). **(F)** Heatmap of K-means clustering analysis of ChIP-seq data for Mi-2β, histone modifications (H3K27Ac and H3K4me3), and RNApII from CTR and Mi2KD human primary keratinocytes, centered on Mi-2β enrichment peaks from the same cells. C1, C2, and C5 were marked by H3K4me3, H3K27Ac, and RNApII and identified as promoters or promoter-proximal regions. C3 associated with weak H3K27Ac and RNApII signal but not with H3K4me3 and was identified as a cluster of poised enhancers. The upward arrow indicates an increase in H3K27Ac upon Mi2KD. **(G)** An increase in enrichment for H3K27Ac and RNApII, detected upon Mi2KD in C2 and C3, is shown as histograms of read densities (read count per million mapped reads) plotted over the C2 promoter and C3 enhancer clusters. No change in the high level of H3K4me3 detected at the C2 promoters was seen upon Mi2KD. **(H)** De novo motif discovery for potential TFs associated with Mi-2β peaks in C3 and P values for discovery are shown. **(I)** Pathway analyses of up-regulated genes after Mi2KD in NHKs that are associated with C3 enhancers. Select GO pathways and associated P values (−log~10~) with fold enrichment are shown. ChIP-seq datasets were generated from primary NHKs expanded in culture and infected with shRNA CTR or shRNA for CHD4 (Mi-2β). One of two representative ChIP-seq experiments is shown.](JEM_20182402_Fig5){#fig5}

![****Epigenetic landscape, transcription factors, and genes associated with Mi-2β chromatin enriched peaks in mouse and human keratinocytes.**** **(A)** De novo motif discovery with P values for potential TF binding at Mi-2β peaks in mouse and human keratinocytes. **(B)** Immunoblotting for Mi-2β at days 3 and 5 after Mi-2β shRNA lentiviral transduction in NHKs showing efficient Mi-2β depletion. Data from two different shRNA experiments are shown. **(C)** Peak analysis for H3K27Ac, H3K4me3, RNApII, JUN, JUNB, and Mi-2β ChIP-seq datasets is provided for CTR (gray) and Mi2KD (red) NHKs, HaCaTs (black), and mouse primary cultured keratinocytes (Krt; brown). **(D)** Overlap between genes associated with Mi-2β--bound promoter and promoter-proximal regions (C1, C2, and C5) and Mi-2β--bound enhancers (C3) as shown in Fig. 5 F. ChIP-seq studies were performed as described in Fig. 5. Immunoblot data shown in B are representative of \>10 independent experiments.](JEM_20182402_FigS4){#figS4}

To further evaluate the Mi-2β--based mechanisms, we knocked-down Mi-2β mRNA with shRNA lentiviral vectors in cultured normal human keratinocytes (NHKs; [Fig. 5 E](#fig5){ref-type="fig"} and [Fig. S4 B](#figS4){ref-type="fig"}). Cultured keratinocytes replicate aspects of in vivo basal keratinocytes and are amenable to mechanistic studies. ChIP-seq studies for histone modifications and TFs were performed with both control (CTR) and Mi-2β--depleted (Mi2KD) primary human keratinocytes ([Fig. 5 E](#fig5){ref-type="fig"} and [Fig. S4 C](#figS4){ref-type="fig"}). Regulatory elements associated with Mi-2β were established by K-means clustering of histone modifications at Mi-2β binding sites in NHK chromatin ([Fig. 5 F](#fig5){ref-type="fig"}). Mi-2β distribution was detected at promoters (C2: marked by both H3K27Ac and H3K4me3), in the vicinity of promoters (C1 and C5: H3K27Ac and H3K4me3), and at promoter-distal enhancers (C3: marked only by H3K27Ac; [Fig. 5 F](#fig5){ref-type="fig"}). Upon Mi-2β depletion, enhancers (C3) associated with Mi-2β exhibited an increase in enrichment for H3K27Ac and RNA polymerase II (RNApII), indicating a potential increase in activity ([Fig. 5, F and G](#fig5){ref-type="fig"}). The preferential increase in transcriptionally permissive histone modifications at Mi-2β--associated enhancers compared with promoters in NHKs is reminiscent of the significant increase in Mi-2β--associated *d*ATAC*i* peaks at promoter-distal sites in mouse keratinocytes, indicating a conserved mechanism of regulation ([Fig. 3 C](#fig3){ref-type="fig"}). No change in the already strong H3K4me3 enrichment was seen at the Mi-2β--associated promoters ([Fig. 5, F and G](#fig5){ref-type="fig"}, C2: promoter). The Mi-2β--associated C3 enhancers were significantly enriched for AP1 motifs, although enrichment for p63, TEAD, and CEBP binding was also observed at lower frequency ([Fig. 5 H](#fig5){ref-type="fig"}). Genes associated with the Mi-2β C3 enhancers were involved in leukocyte activation, establishment of endothelial barrier, epidermal differentiation, and MAPK signaling and were up-regulated upon Mi-2β loss ([Fig. 5 I](#fig5){ref-type="fig"}). About 1/3 of the genes associated with Mi-2β--bound enhancers displayed binding of Mi-2β at their promoter regions ([Fig. S4 D](#figS4){ref-type="fig"}).

Thus, Mi-2β serves as the central node of a conserved epigenetic mechanism that directly controls expression of gene networks that are involved in both the response to stress signaling and keratinocyte differentiation.

Antagonism between Mi-2β and stress response signaling in the regulation of AP1 {#s8}
-------------------------------------------------------------------------------

Normally repressed enhancers associated with Mi-2β in NHKs were enriched for AP1 motifs, suggesting a potential antagonism between Mi-2β and an activated AP1 complex ([Fig. 5 H](#fig5){ref-type="fig"}). AP1 motifs were also highly enriched at enhancers induced by barrier disruption in mouse keratinocytes and upon Mi-2β depletion ([Figs. 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}). In addition, among the genes directly bound by Mi-2β in NHKs was c-JUN and in mouse keratinocytes Jun and JunB ([Fig. 6, A and B](#fig6){ref-type="fig"}).

![**Transcriptional and post-transcriptional regulation of AP1 factors in keratinocytes.** **(A)** Genome browser tracks at the *JUN* locus showing normalized ChIP-seq reads for Mi-2β in NHKs and in the HaCaT cells, and for JUN, H3K27Ac, RNApII, and H3K4me3 in CTR (black histogram) and Mi2KD (red histogram) NHKs. **(B)** Genome browser tracks at the *Junb* locus showing normalized ATAC-seq reads from ex vivo WT and Mi2Δ keratinocytes, and ChIP-seq for Mi-2β in primary mouse keratinocytes. **(C and D)** Expression of *JUN*, *JUNB*, *JUND*, and *FOS* mRNAs (P values as determined by DESeq2; C) and immunoblotting for p-c-JUN, c-JUN, JUNB, FOS, Mi-2β, and YY1 (loading CTR; D) in CTR and Mi2KD primary NHKs at days 3 and 5 after shRNA lentiviral transduction. The experimental procedure is described in [Fig. 5 E](#fig5){ref-type="fig"}. **(E and F)** Expression of *JunB* mRNA (P value as determined by DESeq2; E) and immunoblotting of JunB, p-c-Jun, c-Jun, and YY1 (loading control; F) in WT, Mi2Δ, and TS (6, 24, and 96 h) ex vivo mouse keratinocytes. **(G)** Immunohistochemistry for c-Jun in WT and Mi2Δ epidermis. Scale bar = 10 µm. Arrows point to nuclei with c-Jun expression. ChIP-seq, ATAC-seq, and RNA-seq were performed as described in [Figs. 1](#fig1){ref-type="fig"}, [3](#fig3){ref-type="fig"}, [4](#fig4){ref-type="fig"}, and [5](#fig5){ref-type="fig"}. Immunoblot data shown in D and F are representative of three independent experiments. Immunostaining of c-Jun shown in G is representative of three independent experiments with three WT and three Mi2Δ mice.](JEM_20182402_Fig6){#fig6}

Upon Mi-2β knockdown (Mi2KD) in NHKs, a rapid increase of c-JUN mRNA, protein, and protein phosphorylation were seen from early to later time points after Mi-2β depletion ([Fig. 6, C and D](#fig6){ref-type="fig"}; c-JUN and phosphorylated-c-JUN \[p-c-JUN\] at days 3 and 5 in Mi-2βKD). In contrast to c-JUN, JUNB was expressed in NHKs and displayed a small increase at the protein level at 3 d after Mi-2β depletion and a small reduction at 5 d ([Fig. 6 D](#fig6){ref-type="fig"}; JUNB day 3 versus day 5). However, in mouse ex vivo keratinocytes, induction of JunB mRNA and protein were reproducibly seen both after Mi-2β depletion and TS ([Fig. 6, E and F](#fig6){ref-type="fig"}). Although an increase in c-Jun mRNA was not reproducibly seen after Mi-2β depletion or TS in mouse keratinocytes, a strong increase at the protein and phosphorylation level were detected ([Fig. 6 F](#fig6){ref-type="fig"}). Mi2Δ mouse epidermis was also tested for c-Jun protein expression by immunostaining. c-Jun expression was augmented at the basal and suprabasal layer of the epidermis as well as at the granular layer, where AP1 is normally involved in terminal differentiation ([Fig. 6 G](#fig6){ref-type="fig"}). Thus, loss of Mi-2β or mechanical stress causes rapid induction of AP1 factors in basal keratinocytes in support of stress signaling.

Functional interactions between Mi-2β and AP1 in human keratinocytes {#s9}
--------------------------------------------------------------------

We next tested the chromatin distribution of JUNB and c-JUN before and after Mi-2β depletion in NHKs ([Fig. 7, A--C](#fig7){ref-type="fig"}). Whereas JUNB enrichment peaks were readily detected in NHKs, a very small number of c-JUN peaks were present, consistent with the very low level of c-JUN expression in these cells ([Fig. 7 A](#fig7){ref-type="fig"}, [Fig. 6, C and D](#fig6){ref-type="fig"}; and Table S8). De novo c-JUN peaks dramatically increased upon Mi2KD in NHKs and overlapped with the majority of JUNB peaks observed in CTR NHKs ([Fig. 7, B and C](#fig7){ref-type="fig"}). Motif analysis of JUNB and c-JUN peaks in NHKs before and after Mi2KD confirmed binding through AP1 motifs that were distributed predominantly at promoter distal sites ([Fig. S5, A and B](#figS5){ref-type="fig"}). Co-clustering of JUNB (NHK/CTR), c-JUN (NHK Mi2KD), and Mi-2β (NHK and HaCaT) ChIP-seq datasets at de novo c-JUN peaks detected after Mi2KD revealed co-occupancy of JUNB and Mi-2β at these sites in NHKs ([Fig. 7, B and C](#fig7){ref-type="fig"}). Although co-occupancy by JUNB and Mi-2β was detected at the chromatin level in NHKs, stable interaction between these factors was not readily seen off chromatin ([Fig. S5 C](#figS5){ref-type="fig"}). Upon Mi2KD, an overall increase in H3K27ac was detected in the vicinity of JUNB and c-JUN enrichment peaks, a majority of which were bound by Mi-2β in NHKs and HaCaTs ([Fig. 7, B and C](#fig7){ref-type="fig"}; and [Fig. S5 D](#figS5){ref-type="fig"}). Up-regulated genes associated with de novo c-JUN peaks in Mi2KD NHKs supported pathways of cell adhesion, migration, signaling, and proliferation that are also induced by stress responses ([Fig. 7 D](#fig7){ref-type="fig"}).

![**Functional antagonism between AP1, an early response complex, and Mi-2βin keratinocytes.** **(A)** Venn diagram depicting the overlap of c-JUN peaks identified in CTR NHKs (blue) or Mi2KD NHKs (red) and JUNB peaks identified in CTR NHKs (green). **(B)** Heatmap of K-means clustering analysis of ChIP-seq data for JUNB in CTR, c-JUN in Mi2KD, Mi-2β in CTR and HaCaT, and H3K27Ac from CTR NHKs and Mi2KD NHKs, centered on de novo c-JUN peaks detected after Mi2KD. **(C)** Occupancy (read count per million mapped reads) of TFs (JUNB, JUN, and Mi-2β) and H3K27Ac at de novo c-JUN peaks (±2 kb) as described in B is shown by histogram format. **(D)** Pathway analyses of up-regulated genes associated with cJUN enrichment peaks in Mi2KD NHKs. Select GO pathways and associated P values (−log~10~) are shown. **(E)** Heatmap of K-means clustering analysis for a subset of significantly induced genes after Mi2KD (\|log~2~ fold change\| ≥1, FDR \<0.05), which revert to normal levels after concomitant knockdown of c-JUN (\|log~2~ fold change\| \<0, P \< 0.05). See also [Fig. S5](#figS5){ref-type="fig"} D for all significantly induced genes in Mi2KD. Normalized expression is shown in CTR, Mi2KD, c-JUN knockdown (c-JUNKD), and Mi2KD and c-JUNKD (DKD) NHKs. Data from two experiments each with two or three replicates in each are shown. Expt, experiment. **(F)** Among the genes de-repressed in Mi2KD NHKs (days 3--5), the frequency of genes bound by Mi-2β in CTR NHKs (blue) and bound by de novo c-JUN peaks in Mi2KD NHKs (pink stripes) and genes bound by both Mi-2β in CTR NHKs and c-JUN in Mi2KD NHKs (pink) are depicted as bar graphs. **(G)** Statistical evaluation of genes induced by loss of Mi-2β, positively regulated by c-JUN and bound by c-JUN. Induced genes that were reverted by concomitant knockdown of c-JUN were significantly associated (P = 0.001) with c-JUN peaks compared with induced genes that were not reverted. Data from χ^2^ analysis (two-sided) are shown. DF, degrees of freedom. **(H)** Statistical evaluation of association of genes induced by loss of Mi-2β with c-JUN and Mi-2β binding. Induced genes that were bound by c-JUN were also significantly enriched for Mi-2β binding (P value 0.0001) compared with induced genes targets that were not bound by c-JUN. Data from χ^2^ analysis (two-sided) are shown. **(I)** Genome browser tracks of normalized ChIP-seq reads for TFs (JUNB, JUN, Mi-2β, and RNApII) and histone modifications (H3K27Ac and H3K4me3) generated from NHKs (CTR, black histogram), Mi2KD NHKs (red histogram) and HaCaT cells (black histogram) are shown at the *COL7A1* locus. ChIP-seq for JUNB and JUN was performed on one set of CTR and Mi2KD primary NHKs. RNA-seq for CTR, Mi2KD, JUNKD, and DKD was performed twice with duplicates or triplicate samples in each experiment.](JEM_20182402_Fig7){#fig7}

![**Analysis of c-JUN and JUNB chromatin enrichment in keratinocytes and study of functional antagonism of c-JUN and Mi-2β.(A)** De novo motif discovery for TB binding sites associated with c-JUN peaks in CTR and Mi2KD human primary keratinocytes and JUNB peaks in CTR human primary keratinocytes. **(B)** Genomic annotation of c-JUN peaks in Mi2KD human primary keratinocytes and JUNB peaks in CTR human primary keratinocytes represented by color shading of respective genomic locations as shown on the right. ncRNA, noncoding RNA; TTS, transcriptional termination sites. **(C)** Co-immunoprecipitation analysis with Mi-2β, JUNB, and cJUN in human primary keratinocytes. Protein extracts from human primary keratinocytes were immunoprecipitated with anti-Mi-2β, JUNB, and cJUN and analyzed by immunoblotting (IB) with antibodies against Mi-2β, HDAC2, MTA3, JUNB, and cJUN. Input (3% of total lysate) and IP with normal rabbit IgG were used as controls. Arrowheads indicate the relevant protein bands. Stars indicate the unrelevant bands. IP, immunoprecipitations. **(D)** Occupancy of TFs (JUNB, JUN, and Mi-2β) and H3K27Ac at c-JUN peak clusters C1--C5 as shown in the heatmap of Fig. 6 F. Read density (read count per million mapped reads) obtained from ChIP-seq datasets centered at c-JUN peaks (±2 kb) in Mi2KD human primary keratinocytes is shown. **(E)** Heatmap of K-means clustering analysis of differentially expressed genes (1,611) in Mi2KD compared with primary NHKs as determined by DEseq2 before and at days 3--5 after Mi2KD. Normalized expression of these genes is shown in CTR, Mi2KD, cJUNKD, and DKD human primary keratinocytes. Induced expression in clusters C2--C4 was reduced in the DKD, whereas expression in C1 was unaffected. Data from two different experiments (Expt), each with two replicates were used in this analysis. **(F)** Genome browser tracks of normalized ChIP-seq reads for TFs (JUNB, JUN, Mi-2β, and RNApII) and histone modifications (H3K27Ac and H3K4me3) generated from NHKs (CTR, black histogram), Mi2KD NHKs (red histogram), and HaCaT cells (black histogram) are shown at the *RARA* and *PLB1* locus. **(G)** Expression of *COL7A1, RARA*, and *PLB1* (normalized read counts from RNA-seq) is shown for CTR, Mi2KD, cJUNKD, and DKD. ChIP-seq and RNA-seq studies were performed as described in Figs. 5 and 7. Co-immunoprecipitation data shown in C are representative of three independent experiments.](JEM_20182402_FigS5){#figS5}

The functional contribution of c-JUN to genes induced by loss of Mi-2β in NHKs was tested. Gene expression changes between NHKs transfected with a CTR shRNA vector and NHKs transfected with shRNAs for CHD4 (Mi-2β), c-JUN, or CHD4 and c-JUN were compared ([Fig. S5 E](#figS5){ref-type="fig"}, [Fig. 7 E](#fig7){ref-type="fig"}, and Table S9). About 1/4 (419/1,611) of the genes up-regulated upon Mi2KD showed a significant reduction in expression by concomitant knockdown of c-JUN ([Fig. S5 E](#figS5){ref-type="fig"} and [Fig. 7 E](#fig7){ref-type="fig"}). These reverted genes showed a highly significant association with c-JUN peaks compared with non reverted genes as calculated by a χ^2^ test ([Fig. 7, F and G](#fig7){ref-type="fig"}; P = 0.001). Furthermore, Mi-2β was more significantly enriched in the proximity of genes that were induced by its loss and bound by c-JUN compared with genes that were induced but not bound by c-JUN ([Fig. 7 H](#fig7){ref-type="fig"}; P = 0.0001). *COL7A1, RARA*, and *PLB1* are examples of direct targets of Mi-2β and c-JUN that are regulated by the two factors in a reciprocal fashion ([Fig. 7 I](#fig7){ref-type="fig"} and [Fig. S5, F and G](#figS5){ref-type="fig"}).

In conclusion, these studies reveal a dynamic interaction between Mi-2β and the heterogeneous collection of protein heterodimers collectively referred to as the AP1 complex. Under homeostatic conditions in human keratinocytes, an AP1 complex containing JUNB co-localizes with Mi-2β on repressed genes that include those encoding alternative AP1 complex components. Stress signaling or Mi-2β depletion relieve the repression and allow an activating AP1 complex to promote gene expression. The antagonism between Mi-2β and this activating AP1 complex contributes to timely abatement of stress responses.

Mi-2β response to and recovery from barrier disruption {#s10}
------------------------------------------------------

Our studies indicate that Mi-2β holds the genes of the stress response in a repressed state and that abrogation of Mi-2β activity induces their expression by activating AP1. However, stress response genes are only a subset of the genes held repressed by Mi-2β in the epidermis. Thus, if interference with Mi-2β is the mechanism by which stress response genes are activated, there must be a selective reduction of Mi-2β activity at these loci.

To test this hypothesis, we first examined Mi-2β expression during the stress response. A consistent, albeit, small reduction in Mi-2β mRNA was detected at 6 h after TS ([Fig. 8 A](#fig8){ref-type="fig"}). Immunostaining for Mi-2β protein in the skin also showed a decrease in the nuclei of the basal epidermis ([Fig. 8 B](#fig8){ref-type="fig"}). A small reduction in Mi-2β activity can sensitize its direct gene targets to additional mechanisms that antagonize its activity. Indeed, when we tested whether Mi-2β chromatin occupancy was altered during the stress response by ChIP--quantitative PCR (qPCR) at candidate Mi-2β gene targets that are induced during the response, a significant reduction in Mi-2β occupancy at 6 h after barrier disruption was seen that correlated with an increase in expression ([Fig. 8 C](#fig8){ref-type="fig"}). *JunB*, *Aloxe3*, *Mapk6*, and *Ppid* were genes induced by barrier disruption in vivo that showed Mi-2β occupancy in cultured and ex vivo mouse keratinocytes. All exhibited a significant reduction in Mi-2β chromatin occupancy at 6 h after TS ([Fig. 8 C](#fig8){ref-type="fig"}). In contrast, Mi-2β occupancy at candidate loci whose expression was not affected by TS (e.g., *Krt14* and *Myo**d**1*) remained unaltered ([Fig. 8 C](#fig8){ref-type="fig"}).

![**Dynamic regulation of Mi-2βplays a key role for the induction of stress response and the recovery to homeostasis.** **(A)** A transient decrease in *Chd4* (Mi-2β) expression was detected by RNA-seq during the time course of TS and was validated by qPCR. The means and SEM of expression data in each group of qPCR samples are shown (*n* = 3 for each group). \*, P \< 0.01; \*\*, P \< 0.005 (one-way ANOVA followed by Dunnett's test). **(B)** Immunohistochemistry for Mi-2β protein expression in WT and tape-stripped (6 and 24 h) epidermis. Scale bar = 10 µm. Arrows point to nuclei with reduced Mi-2β expression. **(C)** ChIP-qPCR for Mi-2β at select target sites associated with stress response genes (e.g., *Aloxe3*, *Mapk6*, *Ppid*, *Jun*, and *JunB*) at 6 h after TS. *Krt14* was used as a positive control bound by Mi-2β but not affected by its deletion, and *Myod1* was used as a negative control not bound by Mi-2β. Relative fold enrichment with mean and SEM is shown (*n* = 5 for each gene target tested by ChIP-qPCR). Significance in enrichment (\*, P \< 0.05) was calculated by a two-tailed unpaired *t* test. **(D)** Experimental design for testing the induction and recovery phase after TS in WT and Mi2Δ mice. For evaluating the induction phase, depletion of Mi2Δ in the epidermis was performed by two i.p. injections of 4-OHT (days −7 and −4). For evaluating the recovery phase, mosaic depletion of Mi-2β in the epidermis was achieved by one i.p. injection of 4-OHT (day −7). WT and Mi2Δ mice were then tape-stripped (day 0), and skin was harvested and evaluated by histochemistry and immunofluorescence (day 5). **(E)** TEWL was measured before (day 0; left) and up to 6 h after TS of WT and Mi2Δ mice (right). The change in TEWL at the indicated time point (1, 3, and 6 h) after TS was calculated as a percentage of the change immediately after TS. Means and SEM for data points in each group are shown (*n* = 8 for each group). **(F)** Representative phenotypes (upper panel) and H&E staining (lower panel) of WT and Mi2Δ mosaic skin at 5 d after barrier disruption are shown (left). Not-injured (NI) areas in WT and Mi2Δ mosaically depleted skin are shown as controls. Epidermal thickness measurements are shown in a bar graph (right) with mean and SEM (*n* = 5 for each group). P values were calculated by one-way ANOVA followed by Dunnett's test. Scale bar = 25 µm. **(G)** Immunofluorescence detection for Ki67 (top) and K6 (bottom) expression in regions with or without barrier disruption in WT and Mi2Δ mice (left). The percentage of Ki67-positive cells in each group is shown as a bar graph with mean and SEM (right; *n* = 4 for each group). P values were calculated by one-way ANOVA followed by Dunnett's test. Scale bar = 10 µm (Ki67) and 25 µm (K6). qPCR data of three experiments with a total of three mice per group are shown in A; immunohistochemistry shown in B is from one representative of three independent experiments performed with a total of three mice per group; ChIP-q-PCR shown in C is from two experiments with a total of five WT mice and five mice from 6 h after TS; TEWL data shown in E are from four independent experiments with a total of four to six mice per group. Histological studies shown in F and G are representative of two independent experiments with a total of five mice per group.](JEM_20182402_Fig8){#fig8}

Thus, induction of the response to barrier disruption may involve selective abrogation of Mi-2β activity at a subset of responder genes. Consistent with this model, Mi-2β activity was not required for an initial recovery of barrier function after TS ([Fig. 8 D](#fig8){ref-type="fig"}; mice treated 2× with 4-OHT before TS). Prior to barrier disruption, TEWL was at a similar low level in both WT and Mi-2β mutant skin ([Fig. 8 E](#fig8){ref-type="fig"}). After barrier disruption, a similar rapid recovery from TEWL was observed under both conditions ([Fig. 8 E](#fig8){ref-type="fig"}; 1--6 h). However, if Mi-2β is a critical repressor of these genes, then the resolution of the response should depend on Mi-2β activity. Since mice with efficient deletion of Mi-2β in the epidermis did not survive the additional stress of the TS procedure, mice with mosaic deletion of Mi-2β in the epidermis that tolerate the stress response were used for evaluation of the resolution phase ([Fig. 8 D](#fig8){ref-type="fig"}; mice treated once with 4-OHT before TS). A clear difference in skin phenotype was observed at 4--5 d after TS, with severe desquamation observed in the tape-stripped compared with noninjured areas in Mi-2β mutant skin ([Fig. 8 G](#fig8){ref-type="fig"}). Histological analysis showed mild thickening of WT epidermis at 24 h that returned to normal thickness by 5 d ([Fig. S2 A](#figS2){ref-type="fig"} and [Fig. 8 F](#fig8){ref-type="fig"}). In agreement with histology, expression of K6 and Ki67 in WT epidermis was induced at 6--24 h after TS but returned to a preinjury level by 5 d after treatment ([Fig. S2 A](#figS2){ref-type="fig"} and [Fig. 8 G](#fig8){ref-type="fig"}; WT tape-stripped day 5). In sharp contrast, Mi-2β mutant epidermis showed a severe and persistent increase in thickness and keratinization after TS compared with noninjured areas ([Fig. 8 F](#fig8){ref-type="fig"}). Further increase in Ki67-positive cells and strong K6 expression was seen in Mi2β mutant epidermis at 5 d after TS ([Fig. 8 G](#fig8){ref-type="fig"}; Mi2Δ mosaic tape-stripped day 5).

In summary, a selective reduction of Mi-2β activity at rapidly responding genes appears to be a key early event in stress signaling. Nonetheless, reduction in Mi-2β activity is short-lived, and Mi-2β repression is rapidly reinstated for skin to return to homeostasis and normal differentiation. Upon constitutive, instead of a normally transient, loss of Mi-2β, epidermis appears to be over-repairing the disrupted barrier by hyperproliferation and hyperkeratinization, manifestations of aberrant skin differentiation.

Discussion {#s11}
==========

Skin, as our interface to the outside world, is constantly exposed to environmental challenges to which it responds by inducing signaling and transcriptional programs that mend the structural barrier while placing the immune system on high alert. Both rapid induction and subsequent repression of stress responses are critical for preserving normal skin function by engaging signaling and TFs as well as chromatin regulators to work in concert toward this goal. Here, we show that Mi-2β, the nucleosome remodeler of the NuRD complex, is a key regulator of this process that functions by restricting chromatin access at enhancers associated with stress response genes, many of which contain AP1 binding sites. Our data support a model by which a transcriptionally repressive AP1 complex based on JUNB acts with Mi-2β to locally repress at these enhancer sites. Stress signaling displaces Mi-2β from these loci and may be sufficient to initiate stress response gene expression, de-repression and activation of c-JUN, and replacement of a repressive by an activating AP1 complex that may amplify the response ([Fig. 9](#fig9){ref-type="fig"}).

![**A model of regulation of stress signaling by Mi-2β.** Mi-2β and JUNB co-occupancy at AP1 sites provide a transcriptionally repressive complex that restricts chromatin and expression of stress response genes including c-JUN. Reduction of Mi-2β by physical or genetic insult causes induction and recruitment of c-JUN at AP1 sites that increase chromatin accessibility and transcription, possibly by displacing Mi-2β and/or by recruiting chromatin modifiers such as histone acetyltransferases (HATs). The transient nature of activation of the c-JUN complex allows for rapid reinstatement of Mi-2β--JUNB repressive activities at AP1 sites and rerepression of stress response genes.](JEM_20182402_Fig9){#fig9}

Previous studies have shown that loss of Mi-2β in the epidermis causes keratinocyte activation and skin inflammation in the absence of an overt differentiation defect, suggesting that Mi-2β and the NuRD complex play a critical role in regulating the skin's stress responses ([@bib19]). To test this hypothesis, we characterized both the transcriptional and chromatin response to skin barrier disruption induced by TS and compared it with that of Mi-2β loss in keratinocytes in vivo. A highly significant overlap in the induction of genes involved in epidermal barrier reestablishment, EGFR signaling, keratinocyte proliferation, and immune cell activation was seen under both conditions in mouse keratinocytes. A rapid induction of chromatin accessibility sites and gene expression changes observed upon barrier disruption indicated a mechanism of transcription regulation that incorporates active chromatin remodeling. The majority of newly accessible regulatory sites were located at promoter-distal areas and were also induced by loss of Mi-2β in the epidermis, thereby supporting a role of this chromatin remodeler in their regulation. These putative stress response enhancers were significantly enriched for AP1 binding sites, suggesting that Mi-2β holds the stress response genes in a poised state by restricting their access ([Fig. 9](#fig9){ref-type="fig"}). This hypothesis was examined in detail using cultured keratinocytes from both human and mouse skin. Mi-2β chromatin enrichment sites were associated with transcriptional enhancers encountered at both differentiation and stress response genes before their activation.

AP1 is a transcriptional activator that is comprised of dimers formed between members of the JUN and FOS families that are differentially expressed in the basal and suprabasal layers of the skin ([@bib44]). AP1 family members regulate keratinocyte proliferation and differentiation and are also involved in the wound-healing process ([@bib1]; [@bib8]; [@bib42]). Aberrant activation of AP1 has been implicated in skin pathological conditions such as carcinogenesis and disease development caused by chronic inflammation ([@bib22]; [@bib51]). Mi-2β directly repressed expression of c-JUN and JUNB mRNAs in human and mouse keratinocytes, respectively. In addition, an increase in JunB and Jun protein and phosphorylation were detected in the basal layer of mouse epidermis after Mi-2β depletion or barrier disruption. Nonetheless, in NHKs, JUNB but not c-JUN was expressed and occupied many enhancers that were also enriched for Mi-2β. Upon loss of Mi-2β, these enhancers became occupied by activated c-JUN and displayed an increase in chromatin accessibility and transcription of associated genes. The coexistence of JUNB with Mi-2β-NuRD at AP1 sites suggests the existence of an AP1 transcription-repressive complex that upon stress signaling is replaced by an AP1 transcription-activating complex ([Fig. 9](#fig9){ref-type="fig"}). This model is supported by a previous study that demonstrated that repression of gene expression was mediated by c-JUN/NuRD complex interaction in colon cancer epithelial cells, and that this interaction and the gene repression were disrupted by JNK signaling ([@bib2]). The transient nature of a transcription-activating AP1 complex may permit rapid reactivation of Mi-2β and rerepression of stress response genes.

The polycomb-PRC2 complex is another epigenetic regulator of keratinocyte differentiation that functions in part by antagonizing AP1 activity ([@bib9]; [@bib46]). PRC2 is highly active in basal keratinocytes, where it restricts access to AP1 sites required for expression of keratinocyte differentiation genes, such as those of the epidermal differentiation complex ([@bib9]; [@bib46]). In suprabasal cells, PRC2 expression is diminished, allowing AP1 to access enhancers supporting epidermal differentiation complex expression and stratification. While these chromatin-based mechanisms of restricting AP1 activity are similar, there is a major mechanistic difference. Whereas the loss of PRC2 associated with terminal keratinocyte differentiation is permanent, Mi-2β activity is transiently overridden in the basal layer to allow a rapid stress response and subsequent recovery.

The strong overlap in gene expression and chromatin changes observed during barrier disruption and Mi-2β depletion establish the importance of this chromatin remodeler in holding genes poised to respond to challenge and suggest that abrogation of Mi-2β may be a mechanism by which these genes are activated. However, not all genes regulated by Mi-2β in the epidermis are activated in response to barrier disruption. In addition to a decrease in Mi-2β transcription and protein after TS, we observed a selective decrease in Mi-2β occupancy at genes induced by stress response in vivo. The general reduction in Mi-2β expression may cooperate with enhanced expression or activation of TFs like AP1 to tip the balance of competition between repression and activation selectively at gene loci occupied by these factors. Other genes dependent on Mi-2β for repression may remain silent if the TFs responsible for their induction are not activated. In that context, it is perhaps noteworthy that the subset of stress response genes that also respond to Mi-2β deletion remain expressed longer than the subset that does not. The incorporation of a positive feedback loop (that attenuates Mi-2β expression) to tip this balance may take longer to reverse than a mechanism supporting induction of stress response genes that are not repressed by Mi-2β. Consistent with a repressive role of Mi-2β in the reestablishment of skin barrier function, its loss did not affect this process upon mechanical injury. However, even mosaic depletion of Mi-2β in the epidermis caused too much repair and regeneration of the disrupted barrier, with excessive proliferation and keratin production that resulted in hyperkeratosis and acanthosis. Thus, rapid restoration of Mi-2β activity is necessary for transient activation of stress response signaling and normal keratinocyte differentiation.

In conclusion, our studies provide a new working model for the mechanisms that permit rapid response to skin challenge and return to epidermal homeostasis ([Fig. 9](#fig9){ref-type="fig"}). Of the genes induced by mechanical barrier disruption, roughly half depend on Mi-2β activity to remain repressed in normal epidermis. For this Mi-2β--repressed gene subset, the challenge results in a transient and local reduction in Mi-2β activity, which, in concert with augmented expression of transcription-activating factors such as c-JUN, elicits a rapid response. These chromatin changes and the transcriptional response to stress are short-lived, as is the signaling that supports c-JUN activation; Mi-2β activity is rapidly reinstated, and the balance is shifted back to gene repression. The antagonistic interplay between epigenetic and transcriptional regulators was well established here, but the mechanism by which Mi-2β repressive activity is reinstated in a timely fashion at the end of the stress response remains to be elucidated. While the changes in AP1 phosphorylation and composition summarized in [Fig. 9](#fig9){ref-type="fig"} are formally sufficient, interactions between Mi-2β and other transcriptional regulators bound nearby may also contribute to the reestablishment of repression. The discovery of key nodes in the regulatory network that controls keratinocyte homeostasis presented in these studies provides access to these questions. Our detailed characterization of the genomic response to barrier disruption also identifies genes that may be regulated by distinct mechanisms.

While our effort to confirm the relevance of this work in mice to human skin was confined to studies in vitro, it is noteworthy that a study of newly accessible chromatin sites in xenografted human skin equivalents after TS also identified AP1 as a likely regulator of the barrier disruption response ([@bib23]). In addition, microarray analysis of gene expression changes in human skin after barrier disruption is consistent with the results reported here ([@bib39]). This suggests that our work, which provides a mechanism by which an AP1-regulated response may be mobilized in response to stress, may be translated to new approaches to target chronic skin conditions in which a failure to repress the stress response leads to a range of skin disease and cancer.

Materials and methods {#s12}
=====================

Mice {#s13}
----

*Mi-2*β^loxF/loxF^ mice were generated in the Georgopoulos laboratory ([@bib45]) and bred to the *Krt14-CreERT2* transgenic mice as previously described ([@bib19]). *Mi-2*β^loxF/loxF^ *Krt14-CreERT2* transgenic mice used in this study were backcrossed to C57BL/6 mice more than six times. C57BL/6 mice were used for TS. Mice were 8--12 wk old at the time of analyses. Gene inactivation was achieved by two i.p. injections of mice with 0.5 mg of 4-OHT (Sigma-Aldrich) with a 3-d interval. This protocol was used to generate keratinocyte samples for RNA-seq and ATAC-seq studies and to study the role of Mi-2β in the initial recovery phase of barrier function after TS. To examine the role of Mi-2β in the return to homeostasis after barrier disruption, mice were delivered a single i.p. injection of 4-OHT to achieve mosaic deletion of Mi-2β before TS. All animal experiments were performed according to protocols approved by the Subcommittee on Research Animal Care at Massachusetts General Hospital (Charlestown, MA) and in accordance with the guidelines set forth by the US National Institutes of Health.

Mechanical injury by barrier disruption {#s14}
---------------------------------------

Barrier disruption by TS was performed with 20--50 strokes of transparent tape on the shaved back skin until TEWL reached 40 grams per square meter per hour (g/m^2^ ⋅ h). For evaluation of barrier recovery, TEWL was measured before (*x*) and at 0 (*y*), 1 (*z*1), 3 (*z*2), and 6 (*z*3) h after barrier disruption. The recovery rate was calculated by *y* − *z* (*z*1, *z*2, or *z*3)/*y* − *x* × 100 (%). Skin was harvested for RNA-seq and ATAC-seq at the indicated time points (before and at 6, 24, 96, and 120 h after TS).

Cell isolation and sorting {#s15}
--------------------------

Dorsal epidermis was separated from the dermis by digestion with 0.25% trypsin overnight at 4°C to obtain a single-cell suspension. Cells were stained with anti-CD45 (30-F11), anti-CD34 (RAM34), and anti-ITGA6 (eBioGoH3; eBioscience or BD PharMingen). ITGA6^+^, CD45^−^, and CD34^−^ cells were sorted with a FACS Aria (BD Biosciences) and used for further analyses.

Keratinocyte cell cultures {#s16}
--------------------------

Primary human epidermal keratinocytes were isolated from three independent de-identified neonatal foreskin samples (a gift from Drs. Rachael A. Clark and Jessica E. Teague, Brigham and Women's Hospital, Boston, MA). Briefly, a single-cell suspension was obtained from foreskin by incubation with 2 U/ml Dispase II (Roche) overnight at 4°C, followed by incubation with 0.25% trypsin (Gibco) for 10 min at 37°C. For primary mouse keratinocytes, cells were prepared from newborn skin by digestion with 0.25% trypsin (Gibco) overnight at 4°C. Primary keratinocytes were cultured under serum-free conditions with keratinocyte growth medium (Gibco). HaCaT cells were cultured in DMEM supplemented with 10% FCS.

Lentiviral gene transduction {#s17}
----------------------------

The shRNA lentiviral constructs for Mi-2β, c-JUN, and CTR were obtained from Mission shRNA (Sigma-Aldrich). Transfection into HEK293T cells and lentiviral production were performed as described previously (([@bib15]). For transduction into primary NHKs, cells were incubated with the infection medium containing lentiviral particles for 6 h and then replaced with fresh medium containing 1 µg/ml puromycin (Sigma-Aldrich). Cells were then selected for 3--5 d in puromycin and used for further studies.

Histology, immunofluorescence, and immunohistochemistry {#s18}
-------------------------------------------------------

Samples were fixed in 4% paraformaldehyde overnight at 4°C and then embedded in paraffin. Tissues were sectioned at 5 µm and stained with hematoxylin and eosin after de-paraffinization. For immunofluorescence, sections were de-paraffinized and then used for antigen retrieval using a citrate-based buffer (Vector). The primary antibodies used for staining were rabbit polyclonal Ki67 (Abcam) and rabbit polyclonal K6 (BabCo). Alexa Flour 488 conjugated anti-rabbit antibodies (Cell Signaling) were used for secondary antibodies, and DAPI (Vector) was used for counterstaining nuclei. For immunohistochemistry, a mouse monoclonal Mi-2β (16G4; Millipore; [@bib21]) was used as a primary antibody. The MOM Fluorescent kit (Vector) was used for staining. Sections were incubated with the avidin-biotin-peroxidase complex and then stained with 3,3′-Diaminobenzidine (Vector). Images were taken with a Nikon A1 confocal microscope or a Zeiss Axio Scan.

RNA-seq and data analysis {#s19}
-------------------------

RNA-seq datasets were generated from two independent experiments using 10^6^ cells for mouse sorting keratinocytes ([Figs. 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, and [4](#fig4){ref-type="fig"}) and 2 × 10^6^ cells for human primary keratinocytes expanded in culture ([Figs. 5](#fig5){ref-type="fig"} and [7](#fig7){ref-type="fig"}). Total RNA was extracted with a Direct-zol RNA kit (Zymo Research). The Truseq stranded mRNA sample prep kit (Illumina) was used for the construction of cDNA libraries for RNA-seq. The libraries were single-end sequenced using the Illumina Hiseq 2000 platform at the Bauer Center Systems Biology Core at Harvard University or the Illumina NextSeq 550 at the Cutaneous Biology Research Center. Read alignment was performed on the mm10 or hg19 assembly of the mouse or human genome respectively with the STAR genome alignment algorithm ([@bib7]). Read normalization, reads per kilobase of transcript per million (RPKM), and differential gene expression were performed using the HOMER scripts analyzeRepeats.pl and getDiffExpression.pl with implementation of DESeq2 through R ([@bib26]). Heat maps of RPKM values for differentially expressed genes were generated with Cluster 3.0 (open source software by Michael Eisen) and visualized with Java TreeView (open source software by Alok J. Saldanha). The PANTHER pathway was used for GO analysis ([@bib30]). GSEA was used to compare gene expression changes detected upon TS or in Mi2Δ relative to WT keratinocytes. Significantly up- and down-regulated genes (DESeq2-log~2~ fold change \> 1 or \< --1, FDR \< 0.05) detected after TS were compared with all genes in the Mi2Δ keratinocyte RNA-seq dataset using the preranked GSEA parameter for analysis. The all-genes Mi2Δ keratinocyte RNA-seq dataset was ranked by log~2~ fold change relative to the WT keratinocyte dataset.

ATAC-seq and data analysis {#s20}
--------------------------

5 × 10^4^ freshly sorted cells were used for ATAC-seq. The construction of cDNA libraries for ATAC-seq was performed as described ([@bib5]). Briefly, cells were subjected to transposition reaction with 3 µl of the Tagment DNA enzyme at 37°C for 30 min (Nextera DNA sample preparation kit; Illumina). Transposed DNA was amplified and then purified using the Qiagen PCR Purification kit. The quality of libraries was tested by the Bioanalyzer (Agilent). Libraries were sequenced using a Hiseq 2000 platform at the Bauer Center Systems Biology Core at Harvard University. Read alignment was performed on the mm10 mouse assembly using the Bowtie2 genome alignment algorithm 1.4.1 with the sensitive option ([@bib24]). Duplicate reads were removed by Picard Tools (Broad Institute). Peak calling for ATAC-seq was performed with MACS2 using the following parameters for peak calling: \--keep-dup all \--nomodel \--shift 37 \--extsize 73 ([@bib53]). Differentially enriched peaks in-between conditions were obtained by setting one condition as test and the other as input control.

ChIP, ChIP-seq, and data analysis {#s21}
---------------------------------

ChIP was performed as previously described, with some modifications ([@bib54]; [@bib15]). Cells were fixed with 1% fresh formaldehyde for 8 min at room temperature and then quenched by 2.5 M glycine. Cells were lysed in swelling buffer (25 mM Hepes-KOH at pH 7.8, 1.5 mM MgCl~2~, 10 mM KCl, 1% igepal, 1 mM 1,4-dithiothreitol, and 1× protease inhibitor cocktail) for 10 min on ice, followed by Dounce homogenization. Nuclei were pelleted and resuspended in radioimmunoprecipitation assay buffer (10 mM Tris at pH 8.0, 140 mM NaCl, 1% Triton X-100, 0.1% Na-deoxycholate, 0.1% SDS, 1 mM EDTA, and 1× protease inhibitor cocktail). Chromatin was sonicated to an average size of 300--500 bp with the Diagenode Bioruptor. Chromatin was cleared by centrifugation at 20,000 *g* for 10 min at 4°C followed by overnight incubation at 4°C with primary antibodies that were prebound to Dynabeads protein G (Life Technologies). The primary antibodies used were H3K27Ac (Abcam, ab4729), H3K4me3 (Active motif, 39159), RNApII (Abcam, ab817), c-JUN (Abcam, ab31419), JUNB (CST, C37F9), and Mi-2β (Abcam, ab72418; and CST, 12011). The number of cells used for each antibody in ChIP were ∼2 × 10^6^ cells for H3K27Ac, 4 × 10^6^ cells for H3K4me3 and RNApII, 10^7^ cells for c-JUN, 10^7^ cells for JUNB, and 2 × 10^7^ cells for Mi-2β. Chromatin was washed five times with immunoprecipitation wash buffer (10 mM Tris at pH 8.0, 500 mM NaCl, 1% Triton X-100, 0.1% Na-deoxycholate, and 0.1% SDS), followed by a wash with TE buffer (50 mM Tris at pH 8.0, 1 mM EDTA, and 50 mM NaCl). Chromatin was eluted and then de-crosslinked overnight at 65°C. DNA was purified using the DNA Clean and Concentration 5 kit (Zymo Research). Fold enrichment for ChIP-qPCR was calculated as the ratio of ratios obtained from Mi-2β ChIP and input control for Mi-2β target regulatory regions/negative control region. For ChIP-seq, the construction of cDNA libraries was performed as previously described ([@bib15]). In brief, 2--50 ng of DNA was end-repaired, end-adenylated, and then ligated with Illumina TruSeq indexed adaptors. The ligated DNA was amplified, size-selected on a 2% agarose gel, and purified using a gel DNA recovery kit (Zymo Research). The libraries were sequenced using a Hiseq 2000 platform at the Bauer Center Systems Biology Core at Harvard University. Read alignment was performed on the hg19 assembly of the human genome using either Bowtie2 or the STAR genome mapper with the option to disable spliced alignments and prohibit gaps ([@bib7]). Peak calling for ChIP-seq was performed using the Homer findPeaks algorithm ([@bib14]). Differentially enriched peaks between two conditions were obtained by setting one condition as test and the other as input control. Heat maps of K-means clustering of ChIP-seq or ATAC-seq enriched peaks were generated using NGS.plot ([@bib41]). Histograms of read densities for histone modifications and TFs at regulatory sites were plotted with NGS.plot ([@bib41]). HOMER de novo motif discovery algorithm was used for motif discovery analysis of TF and dATAC peaks. Venn diagrams were generated with the online-based Venny Tool.

Co-immunoprecipitation analysis {#s22}
-------------------------------

Cells were lysed with lysis buffer (25 mM Tris at pH 7.5, 10% glycerol, 150 mM NaCl, 1.5 mM MgCl~2~, and protease inhibitors) containing 1% Triton X-100. The protein extracts were precleared with Dynabeads protein G (Invitrogen). The precleared extracts were incubated with the anti-Mi2β (Abcam, ab72418), JUNB (CST, C37F9), and cJUN (Abcam, ab31419) or the relevant isotype control in the presence of Dynabeads protein G and rotated overnight. Beads were then collected, washed at least five times with lysis buffer, and resuspended in SDS sample buffer. Eluents were subjected to SDS-PAGE and transferred to polyvinylidene difluoride membranes, probed with anti-Mi2β (CST, 12011), JUNB (CST, C37F9), cJUN (BD Bioscience, 610327), HDAC2 (CST, D6S5P), and MTA3 (Bethyl Laboratories, A300-160), and examined by autoradiography by Enhance Chemical Luminescence.

Data availability {#s23}
-----------------

The sequencing datasets generated by this study have been deposited to National Center for Biotechnology Information and are accessible through Gene Expression Omnibus series accession no. [GSE139685](GSE139685).

Online supplemental material {#s24}
----------------------------

[Fig. S1](#figS1){ref-type="fig"} shows gene expression changes in mouse basal epidermis upon barrier disruption. [Fig. S2](#figS2){ref-type="fig"} shows common transcription changes induced by barrier disruption and Mi-2β depletion in mouse basal epidermis. [Fig. S3](#figS3){ref-type="fig"} shows changes in chromosome accessibility and associated transcriptional changes induced by barrier disruption and Mi-2β depletion in mouse basal epidermis. [Fig. S4](#figS4){ref-type="fig"} provides evidence for a conserved Mi-2β--dependent mechanism of transcriptional regulation in mouse and human keratinocytes. [Fig. S5](#figS5){ref-type="fig"} provides evidence for functional antagonism between AP1 complex and Mi-2β in human keratinocytes by changes in gene expression in single and double knockdown keratinocytes and by ChIP-seq analysis in these cells. Table S1 contains the datasets used to draw box-whisker plots in [Fig. 1 E](#fig1){ref-type="fig"}. Table S2 contains the IDs of genes that were commonly de-regulated by barrier disruption and Mi-2β depletion in mouse basal epidermis. Table S3 contains dATAC*i* and dATAC*l* peak files at 6 h after TS. Table S4 contains dATAC*i* and dATAC*l* peak files at 24 h after TS. Table S5 contains dATAC*i* and dATAC*l* peak files in Mi-2β--depleted compared with WT control keratinocytes. Table S6 contains Mi-2β ChIP-seq peaks identified in mouse keratinocytes. Table S7 contains Mi-2β ChIP-seq peaks in human keratinocytes. Table S8 contains cJUN and JUNB ChIP-seq peaks in human keratinocytes. Table S9 contains two datasets: one dataset of up-regulated genes upon Mi2KD in human keratinocytes and a second dataset of genes whose expression was reverted by concomitant knockdown of Mi-2β and c-JUN in human keratinocytes.
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